; Papazian et al., 1995) . We have recently presented evidence for the outward movement Department of Pharmacology Vanderbilt University School of Medicine of an S4 segment in response to depolarization of the adult human skeletal muscle sodium channel (hSkM1) Nashville, Tennesee 37232 (Yang and Horn, 1995) . In these experiments, we showed that the outermost basic residue of S4/D4, when changed from arginine to cysteine (D4:R1C), is accessiSummary ble to extracellular application of the methanethiosulfonate (MTS) reagents methanethiosulfonate-ethyltriVoltage-dependent movement of a sodium channel S4 methylammonium (MTSET) and -ethylsulfonate (MTSES) segment was examined by cysteine scanning muta- (Akabas et al., 1992; Stauffer and Karlin, 1994) only when genesis and testing accessibility of the residues to the channel is depolarized. The reaction of MTS rehydrophilic cysteine-modifying reagents. These exagents with the introduced cysteine residue was moniperiments indicate that 2 charged S4 residues move tored by following changes in gating kinetics. completely from an internally accessible to an exter-
. These values were not significantly affected by 500 M external MTSET and are not shown in (F). All effects are for extracellular application of MTSET except for R4C, which is only sensitive to intracellular MTSET. whether other basic residues in S4/D4 also show volttest pulses (a total duration of 9 s at Ϫ20 mV during each 20 s interval; see Experimental Procedures), the age-dependent accessibility to hydrophilic reagents. To this end, we substituted a cysteine for each of the reinactivation kinetics immediately began to change, as a slow component replaced the rapidly inactivating maining 7 basic residues of S4/D4 of hSkM1; expressed these point mutants (i.e., R2C-R6C, K7C, and R8C) in component ( Figure 2A ). The modification of inactivation kinetics was complete within ‫4ف‬ min. During the modifia mammalian cell line; and examined the effects of cysteine reagents on their sodium currents during wholecation, the inactivation kinetics were well fit by a weighted sum of 2 exponentials with a fast time constant cell recording. The inactivation kinetics after a depolarization can be well fit by a single exponential function at representing unmodified channels and a slow time constant representing modified channels. These data show each voltage for wild-type (WT) channels and all cysteine mutants except R2C, where a weighted sum of 2 expothat, like R1C (Yang and Horn, 1995) , the residue R3C is accessible to extracellular MTSET only when the nentials is required (Figure 1 ).
The currents of R3C, which have biophysical properchannel is depolarized.
To explore the voltage dependence of R3C's accessities similar to WT channels ( Figure 1E ; Table 1 ), are dramatically affected by extracellular MTSET. Figure 1C bility, we measured the rate of modification by 100 M MTSET for depolarizations to different voltages. Figure shows a family of R3C sodium currents elicited by a series of depolarizations in the absence of reagent, and 2B shows that the MTSET reaction, estimated from the weight of the slow component of inactivation, has expo- Figure 1D shows currents from the same cell after modification by 100 M MTSET. Figures 1E and 1F show that nential kinetics with a rate that increases with depolarization (see also Figure 2C , closed squares). If R3C expoinactivation time constants (h) of R3C are increased >10-fold by MTSET and that the voltage dependence sure is a prerequisite for the reaction with extracellular MTSET, and this exposure is much faster than the reacof h is also altered. By contrast, the inactivation time constants of R2C and R4C-R8C are not affected by tion rate of 100 M MTSET, the sigmoidal dependence of the reaction rate with voltage ( Figure 2C ) represents extracellular MTSET (data not shown). The time course of MTSET modification for the cell of Figures 1C and 1D the scaled steady-state probability of R3C exposure (Yang and Horn, 1995) . These data are well fit with a is displayed in Figure 2A . The initial exposure to 100 M MTSET had no effect on this cell when brief test pulses Boltzmann relationship ( Figure 2C , solid line), indicating that the exposure of R3C can be described by a firstto Ϫ20 mV were applied every 20 s from a holding potential of Ϫ140 mV (Figure 2, trace 1) . However, when the order voltage-dependent reaction, as we observed previously for R1C ( Figure 2C , dashed line). The parameters cell was depolarized during the 20 s intervals between of the fit indicate that exposure of R3C involves the different (P > .2, t test), indicating that the total duration at the depolarized voltage, not the durations of individual movement of an equivalent of 0.96 Ϯ 0.17 elementary charges (e 0 ) across the membrane, and that the midpoint depolarizations, determines the modification rate, and that the exposure of R3C at Ϫ40 mV occurs in an interval of this charge movement is Ϫ73.8 Ϯ 6.3 mV. The different voltage dependence for exposure of R1C and R3C is much shorter than 9 ms (Yang and Horn, 1995) . expected if these point mutations have unique effects on S4/D4 movement. The lower slope for the R3C mutant Internal Accessibility of R3C and R4C If S4 segments totally account for the voltage depen-(0.96 versus 1.47 e 0 ) suggests that R3 plays a greater role than R1 on S4/D4 movement. After consideration dence of gating, it is not sufficient that 2 or even 3 basic residues appear and disappear on the extracellular surof the concentration of MTSET, the total durations of depolarizations (9 s depolarized in each 20 s interval), face, since these charged residues might always be located very close to this surface. As discussed above, and the maximum estimated rate of R3C modification at depolarized voltages, we calculate a second order it is necessary that, on the average, the equivalent of Ն2.5 charges moves completely across the membrane rate constant of 778 M Ϫ1 s Ϫ1 for the reaction of MTSET with exposed R3C, which is about half the value prefield in each S4 segment. Either several basic residues must each move a short distance through the electric viously estimated for exposed R1C (Yang and Horn, 1995) . These data suggest that S4/D4 moves as a unit field (e.g., Catterall, 1986; Armstrong, 1992) , or else a few residues must move a large "electrical distance." in response to depolarization, simultaneously exposing both D4:R1 and D4:R3 in WT channels.
To look for the latter, we put 100-200 M MTSET into our whole-cell pipette solution to see if it could modify Figure 2C also plots the scaled conductance-voltage (G-V) relationship (open diamonds) for unmodified R3C.
any of these cysteine residues from the cytoplasmic face of the protein. Although R1C was not affected by The G-V curve, which primarily represents the voltage dependence of channel opening, is steeper than that internal MTSET at any membrane potential, the inactivation kinetics of R3C and R4C were slowed by this treatfor exposure of R3C and is shifted in a depolarizing direction, indicating that S4/D4 accounts for only part ment. Figures 3A and 3B show the effects of intracellular 200 M MTSET on R3C and R4C sodium currents (comof the voltage dependence of channel opening (Yang and Horn, 1995 and  1F ). The kinetics of MTSET-modified R3C currents in cluding the S4 segments in other domains, also contribute to activation. The kinetics of R3C exposure, like these experiments are indistinguishable from those observed after extracellular application of this reagent. The those of R1C, are very fast. The rate of modification by 100 M MTSET was 1.23 Ϯ 0.07 min Ϫ1 when a 9 s action of intracellular MTSET started 2-5 min after obtaining the whole-cell configuration for all mutants sensidepolarization to Ϫ40 mV was applied every 20 s, or 1.45 Ϯ 0.14 min Ϫ1 when 1000 depolarizations of 9 ms tive to this reagent, suggesting that the MTSET needs time to diffuse from the patch pipette into the cell. These were alternated with 9 ms returns to the Ϫ140 mV holding potential every 20 s. These rates are not statistically experiments show that at least one S4 residue, R3C, can be accessible to MTSET on both the intracellular and extracellular sides of the protein.
If the appearance of R3C on the outside is dependent on depolarization, it should not be accessible intracellularly at depolarized voltages. To test this, we placed 200 M MTSET in the patch pipette and, after obtaining the whole-cell configuration, held the cell at a depolarized voltage (Ϫ20 mV) for 10 min. This duration, at this concentration of reagent, was long enough to allow complete modification of R3C at a holding potential of Ϫ140 mV. Figure 3C shows that, after 10 min at Ϫ20 mV, R3C channels are apparently not modified, since the first current recorded after switching the holding potential to Ϫ140 mV has predominantly fast kinetics (for details, see Figure 3 , legend). The modification by internal MTSET begins immediately after this change of holding potential, as shown by the progressive appearance of a slow component. This experiment excludes the possibility that internal MTSET is somehow reaching an extracellular site, since its action has the opposite voltage dependence when applied internally. Figure 3D shows, by contrast, that a 10 min depolarization to Ϫ20 mV does not protect R4C from internal MTSET, since the first current obtained after applying a Ϫ140 mV holding potential is already completely modified (i.e., there is no detectable fast component). For both R3C and R4C, the progressive increase in current amplitude in Figures 3C and 3D is due to recovery from the inactivation caused by the prolonged Ϫ20 mV holding potential. Even stronger depolarization (V hold ϭ ϩ20 mV) failed to protect R4C from internal 200 M MTSET (data not shown). Therefore, this residue is always accessible intracellularly.
It is not necessary to use such extreme depolarizations to inhibit the modification of R3C by intracellular MTSET. Figure 3E shows an experiment in which the holding potential was alternated between Ϫ100 and Ϫ160 mV in 1 min intervals. The individual current traces are responses to test pulses elicited at Ϫ20 mV every 20 s. The rate of modification by internal 100 M MTSET, over this 3 min period, is markedly increased at the more negative holding voltage ( Figure 3E , dashed traces). This ity of being exposed outside (see Figure 2C ) and thereDepolarizations of 20 ms to Ϫ20 mV from Vhold ϭ Ϫ140 mV, applied fore cannot be totally accessible internally. after modification by external MTSET, the holding potenas described in (A). A fast inactivation time constant was measured tial was set at Ϫ160 mV to favor an inward position of at Ϫ20 mV before exposure to MTSET, and a slow time constant S4/D4. Figure 3F shows that internal TCEP was capable was obtained after complete modification. During modification the currents were fit as a weighted sum of these 2 decaying exponenof removing the -SET group over a period of 48 min in tials, and the fractional weight of the slow component is plotted against time. The weights show exponential kinetics with modification time constants for these cells of 0.66 min (0 mV), 0.81 min (Ϫ40 mV), 1.30 min (Ϫ80 mV), and 3.79 min (Ϫ120 mV).
line shows the rate of MTSET modification of D4:R1C (Yang and (C) The inverse of modification time constants are plotted as modifiHorn, 1995), scaled in amplitude and shifted to adjust for junction cation rates (closed squares). The smooth curve (solid line) is a potential correction. The scaled peak G-V curve, obtained from the Boltzmann relationship fit to the data with parameters given in the peak I-V curve for unmodified R3C, is also displayed. It is also fit text. The maximum rate for the fit is 2.10 Ϯ 0.14 min Ϫ1 . The dashed by a Boltzmann function (see Table 1 for typical parameters). After achieving whole cell and observing sodium currents, but before any noticeable effect of the MTSET, the cells were clamped at Ϫ20 mV for 10 min. Subsequently, V hold was set at Ϫ140 mV, and test depolarizations to Ϫ20 mV were presented every 20 s. The initial currents (trace 1) were small in amplitude, owing to slow inactivation induced by the prolonged V hold of Ϫ20 mV. The initial current of R3C had only a small slow component (fractional weight: 0.17), which could have developed in the ‫01ف‬ s at Ϫ140 mV before applying the first depolarization. Over the next 3 min, the weight of the slow component grew to more than 0.60. By contrast the currents of R4C in (D) were not protected by the depolarized V hold. There was no detectable fast component of the very first current, and h did not change for the displayed currents. (E) shows currents of R3C in the presence of 100 M MTSET in the pipette. Test voltage, Ϫ20 mV; V hold alternated between Ϫ100 and Ϫ160 mV every minute, as indicated. The records show a consecutive series of depolarizations to Ϫ20 mV in 20 s intervals. Note that the modification is more rapid at Ϫ160 mV. Quantitatively, the fraction of the slow component increased from 0.22 to 0.35 for the first exposure to Ϫ100 mV, then up to 0.71 at Ϫ160 mV, and finally to 0.83 during the final minute at Ϫ100 mV. Similar results were obtained in 3 other cells. (F) shows effect of 5 mM TCEP, added to the intracellular pipette solution, on MTSET-modified R3C currents at Vhold ϭ Ϫ160 mV. The MTSET was applied extracellularly at a concentration of 200 M and removed after modification was 88% complete. The currents shown are the responses to depolarizations to Ϫ20 mV at 3 min intervals.
this experiment. The inactivation kinetics of the MTSETposed. If S4/D4 is an ␣ helix, for example, all 3 of these residues would be on the same face ( Figure 4A ). Yet a modified channels did not change over this time period in the absence of TCEP (n ϭ 3 cells), indicating the high concentration of MTSET (500 M) has no effect on either the fast or slow time constant of R2C inactivation inherent stability of the introduced disulfide bond. External 5 mM TCEP, by contrast, was incapable of removing at these depolarized voltages. The recovery from inactivation of R2C is significantly slowed, however, after exthe -SET group at this negative holding potential (data not shown), confirming that TCEP is membrane imperposure to MTSET; the recovery time constant at Ϫ140 mV, using standard two-pulse protocols (Chahine et al., meant. Our data show, therefore, that S4/D4 can translocate not only the R3C residue, but also the bulky, cat1994b), was 2.48 Ϯ 0.06 ms for R2C and 6.85 Ϯ 1.15 ms after exposure to 100 M extracellular MTSET. Furionic -SET group, suggesting that it also translocates the WT arginine.
thermore, this small effect on recovery depends on depolarization, suggesting that although R2C can be exThe direction of the voltage dependence of MTSET action on R3C cannot be explained by a model in which posed by depolarization, the effect of extracellular MTSET is less dramatic on R2C than on R1C and R3C. this cysteine residue lies in a fixed location in the membrane electric field, where it may be reached by the We observed a similar increase in the recovery time constant in the presence of internal 100 M MTSET, cationic MTSET. If this were the case, depolarization would tend to drive extracellular MTSET out of the elecsuggesting that R2C, like R3C, can traverse the hydrophobic core of the sodium channel during depolartric field and away from the cysteine residue and therefore reduce the reaction rate. However, the voltage ization.
We have previously shown that the anionic reagent dependence, for both intracellular and extracellular modification, is in the opposite direction for an ionto-MTSES is capable of altering the inactivation kinetics of D4:R1C, and that depolarization is required to expose phoresis of MTSET. It is the positively charged S4 segment, not MTSET, that appears to move in response to this residue to extracellular MTSES (Yang and Horn, 1995) . MTSES is also capable of modifying the R2C changes of membrane potential.
residue, and in this case the effects are much more pronounced than we observe with MTSET. Figure 4B Voltage-Dependent Translocation of R2C Because R1C and R3C are both exposed extracellularly shows superimposed currents of R2C at a test potential of Ϫ20 mV in the absence of reagent (solid line) and in at depolarized voltages, it is likely that R2C is also ex- (B-F) Scaled and superimposed currents (Vtest ϭ Ϫ20 mV; Vhold ϭ Ϫ140 mV) of the indicated mutant in 3 cells, in each case after ‫51ف‬ min in the whole-cell configuration. The control cell (solid lines) was not exposed to reagent. One cell was exposed to 5 mM extracellular MTSES (dashed lines), applied under depolarizing conditions (see Figure 2A ). Another cell was exposed to 2 mM intracellular MTSES (dotted lines) in the patch pipette at a Ϫ140 mV holding potential for 15 min.
2 separate cells, one exposed to 5 mM extracellular the channel ( Figure 4E ; Table 1 ), suggesting either that the side chain of this residue does not face a hydrophilic MTSES (dashed line), the other exposed to 2 mM intracellular MTSES (dotted line). Depolarization was necescompartment, or else that reaction with the cysteine reagents produces an effect too subtle to detect. K7C sary to produce the kinetic effects of extracellular MTSES. These experiments indicate that R2C indeed is the only mutant that showed no obvious reaction with cysteine reagents. traverses from an inwardly accessible to an outwardly accessible position during depolarization.
Discussion Accessibility of Remaining Basic S4 Residues
The effects of cysteine reagents on steady-state activation and inactivation are summarized in Table 1 , and We have also tested the accessibility of cysteine mutants of the bottom 4 basic residues of S4/D4. Like the voltage-dependent accessibilities of all 8 cysteinesubstituted residues are shown in Table 2 . We assume R3C and R4C, these mutants all have rapid kinetics of inactivation in the absence of reagent (Figures 4C-4F) .
that if a particular residue has an obvious reaction to a reagent from one side of the protein only (i.e., R1C, R4C, None of these mutants appears to react with extracellular MTSES or MTSET at any voltage, suggesting that R5C, R6C, and R8C), it would also react detectably with the same reagent on the opposite side, if the residue depolarization does not expose these residues on the extracellular surface. However h 's of R5C, R6C, and were ever accessible there. Based on this criterion, these 5 residues are either buried in the protein or else R8C at Ϫ20 mV are significantly slowed by internal MTSES (Figures 4C-4F ), which has a more pronounced exposed on only one face of the protein (i.e., R1C on the outside and the other four on the inside). effect than MTSET (data not shown). The reaction by internal reagent was not prevented by prolonged depoOur results can be summarized as follows: First, the translocation of charge in S4/D4 may be larizations to Ϫ20 mV for R5C showing, as for R4C, that this residue remains in an inwardly accessible position, sufficient to account for gating, since at least 2 basic residues, R2 and R3, can traverse the hydrophobic core regardless of membrane potential. Because the effects of MTSES are small on R6C and R8C, it was not possible of the channel protein. The Boltzmann curve in Figure 2C indicates the movement of 0.97 e 0 across the membrane to determine clearly whether the internal accessibilities are voltage dependent. The voltage dependence and field during R3C exposure. Because a cysteine residue, depending on its microenvironment, carries a partial gating kinetics of K7C were unaffected by either cysteine reagent on either external or cytoplasmic faces of negative charge (pK ≈ 8.5), and since R3C completely crosses the membrane during gating, the expected (e.g., see Javitch et al., 1995) . This is especially clear at hyperpolarized voltages, where the residues R2C-R8C, charge movement for S4/D4 in a WT channel, in which which would wrap completely around an ␣ helix (see an arginine is in this position, should be Ն2 e 0 . Further- Figure 4A ), are all internally accessible, with the possible more, a comparison of the voltage dependence of R1C exception of K7C. and R3C exposure, which differ by ‫5.0ف‬ e0 (Figure 2C ), Figure 5 shows two possible explanations for our resuggests that R1C moves about halfway through the sults; either S4 moves outward to expose its most extermembrane field. This follows because the mutation R3C, nal residues on depolarization (upper right), or else a by removing a positive charge that can cross the memhydrophobic portion of the protein moves inward to exbrane field, reduces the voltage dependence of S4/D4 pose these residues (lower right). In the former case, S4 movement more than R1C. Together, these data show carries gating charge by moving through the electric that the outer 3 basic residues of S4/D4 are capable of field; in the latter case, the field moves inward past translocating ‫5.2ف‬ e 0 . This analysis shows not only that these charged residues. In either scenario charge is S4 segments could be voltage sensors underlying gattranslocated. Although this model shows S4 segments ing, but also that they must be the primary source of as rather rigid structures that may move perpendicular voltage dependence. If the other three S4 segments also to the plane of the membrane, it is also possible that translocate this much charge upon depolarization, then S4 segments undergo other types of conformational the S4 segments produce a charge transfer quantitareorientations, such as an uncoiling of helical regions tively close to the total charge underlying gating (Guy and Conti, 1990) or a twisting of transmembrane (Hirschberg et al., 1995) . Since the total charge movehelices (Merrill and Cramer, 1990; Unwin, 1995) , in rement per channel is approximately equal to that which sponse to changes of membrane potential. Whatever underlies gating (Sigworth, 1993) , S4 segments must be the details of the conformational transitions, they must the primary voltage sensors.
account for the changes in extracellular and intracellular Second, the problem of the lack of countercharges is accessibilities of S4 residues in response to changes of obviated for this S4 segment, because at most one basic membrane potential. residue of S4/D4 is buried within the hydrophobic core Our data indicate a very short (<11 Å ) hydrophobic at a time.
region around S4/D4. This has three consequences Third, at depolarized voltages, R3C is extracellular worth consideration. The first is that the physical disand R4C is inside. If this section of S4/D4 is an ␣ helix, tance through which charge moves is quite short. A these residues are separated by only 4.5 Å , compared recent observation shows that a charged pore blocker with ‫04ف‬ Å for the bilayer thickness. If this section of is capable of shifting the voltage dependence of sodium S4 is more extended, these 2 residues may be ‫11ف‬ Å channel gating as if it were repelling S4 charges electroapart. In either case, the S4 charges are moving a relastatically (French et al., 1996) . Furthermore, this study tively short distance across the hydrophobic core of the estimated that the center of S4 charge moves ‫5ف‬ Å protein. This helps explain the ability of charges to move upon depolarization, consistent with the expectations rapidly and reversibly. The S4 segment is acting, in efof our physical model. A second consequence of the fect, as a tethered permion, a sequence of charged short length of the S4 "channel" is that the field strength residues whose movement across the protein is coupled should be substantial for typical membrane potentials with gating. The sodium channel has apparently solved ‫01ف(‬ 8 V/m). Although this might imply some unusual the kinetics and energetics of S4 movement in the same chemistry or electrostatic mechanisms due, for examway that many channels have solved the problem of ple, to the finite sizes of ions within such an electric having high selectivity and rapid permeation through an field, experimental data generally do not show evidence open pore (Miller, 1982) , i.e., by restricting the contact of a breakdown in continuum electrostatic theory, even region between the permeating species and its "chanfor field strengths greater than this (McLaughlin, 1989) . nel." Instead of a contact region all along the S4 segTherefore, charge transfer can be accounted for by the ment, the S4 passes through a hydrophobic "channel" electrostatically driven movement of charged S4 resior barrier that is considerably shorter than the thickness dues through this short "channel." The tethered connecof the bilayer ( Figure 5 ). The S4 "channel" prevents pastion between charged and neutral residues allows a basage of these hydrophilic cysteine reagents, as well as sic residue, moving through the membrane electric field, other ionic species in the solutions bathing the protein.
to pull another basic residue into the S4 "channel," Because of the discrepancy between the thickness of where it can also interact with the electric field. A final the bilayer and the length of this hydrophobic barrier, consideration is that the long side chain of an arginine the protein must have hydrophilic crevices or vestibules residue approaches the length of the postulated S4 on either the external or internal surface, or both. The "channel." This raises the possibility that the distance accessibilities of S4 residues are primarily determined through which the S4 backbone moves may be considby their axial positions along the segment and not by erably less than that through which charged residues move. the orientation of residues around a putative ␣ helix The sodium channel is oriented with extracellular surface up. The section bisects the channel through D4, another domain (presumably D2), and the ion-conducting pore. The domain in the foreground is not shown, and another domain is depicted in the background. The cartoons show dispositions of S4 residues at hyperpolarized (left) and depolarized (right) voltages. Depolarization either causes S4 to move outward (top right) or the field to move inward past it (bottom right).
Although voltage-dependent conformational changes almost no effect on either activation or inactivation (Stü hmer et al., 1989; Chen et al., 1995 , Biophys. J., in ion channels have been known for a long time, our data further indicate a translocation of residues across abstract). Therefore, it is likely that the remaining 3 basic residues in S4/D1 are all involved in voltage sensing, the transmembrane domain of a protein, from inwardly accessible to outwardly accessible in response to depoconsistent with mutagenic studies (Stü hmer et al., 1989; Chen et al., 1995, Biophys. J., abstract) . larization. Voltage-dependent translocations of positively charged regions of membrane proteins, or even Although we focus on S4 segments primarily as activation voltage sensors, the greatest effects of the of entire peptides, have been described previously (Martin et al., 1991; Maduke and Roise, 1993) . Besides an cysteine reagents in our experiments are on the rate of inactivation. In fact, the ability to explore the detailed effect on charged residues, membrane potential might also act on the dipole moment of an ␣ helix (Tosteson voltage-dependent accessibility of S4 residues depends critically on the dramatic effects on h. S4/D4 plays a et al., 1990), although it is not clear whether such an action could account for the charge movement of voltunique role in the process of inactivation, a role not played by S4 segments in other domains (Chen et al., age-gated ion channels. Our data show a correlation between voltage-dependent translocation of charged 1995, Biophys. J., abstract). By contrast, all S4 segments contribute to activation (Chen et al., 1995, Biophys. J., residues and channel gating, as observed for an anionselective channel from yeast (Zizi et al., 1995) and a abstract). We can only speculate on the mechanisms by which the cysteine reagents affect inactivation, either bacterial ion channel (Slatin et al., 1994) . Our studies of S4/D4 go one step further, showing that gating and decreasing h (R1C) or increasing it (all others). If outward movement of S4/D4 enhances entry into an inactivated translocation have approximately the same kinetics.
One of the surprising aspects of our results is that state, then the modification of R1C by MTSET may tend to favor an outward conformation, whereas reaction with most of the charged residues in S4/D4 apparently remain in an intracellularly accessible position in spite of the other S4/D4 residues tends to keep the segment in an inward conformation. These postulated alterations changes in membrane potential, indicating that they do not contribute directly to charge movement. Neverthein S4/D4 mobility also affect activation (e.g., Table 1 ), but the effects are more subtle, perhaps because other less, both the charged and hydrophobic residues in this portion of S4/D4 are highly conserved among sodium S4 segments also contribute strongly to activation. If S4 residues enter a vestibule when they move outchannel isoforms, suggesting that they play some important role in sodium channel structure or function.
ward ( Figure 5) , and if the extracellular mouth of the pore of an ion channel also consists of a vestibule, we This role remains to be determined. By contrast to S4/ D4, S4/D1 has only 4 basic residues. The outermost can ask whether they share the same vestibule and how close they are. We address this by testing whether an arginine (D1:R1), when neutralized to glutamine, has of the footprint of -conotoxin, which has a radius of the extracellular bath solution. These solutions were titrated to pH ‫6ف‬ Å (Lancelin et al., 1991; Chahine et al., 1995) . These 7.4 with either CsOH (pipette solution) or NaOH (bath solution). data indicate that the S4 "channel" is distinct from the Depolarizations were required for extracellular exposure of S4 ion-conducting pore.
residues. Except where indicated otherwise, 10 depolarizations of 900 ms each were presented in the 20 s interval between brief test depolarizations. Between each of these 10 depolarizations, the Experimental Procedures voltage was returned to Ϫ140 mV for 900 ms. Therefore, the cells spent a total of 9 s at a depolarized potential and 11 s at Ϫ140 mV Mutagenesis between each test depolarization. In one series of experiments, we Site-directed mutagenesis was performed either using the Altered applied a single 9 s depolarization to Ϫ40 mV every 20 s; and in Sites mutagenesis system employing the plasmid vector pSELECT another series, we applied 1000 depolarizations of 9 ms each to (Promega Corp., Madison, WI) as previously described (Chahine et Ϫ40 mV, to test the kinetics of cysteine exposure (Yang and Horn, al., 1994b) , or by using the overlap-extension polymerase chain 1995). reaction (PCR) mutagenesis method (Higuchi, 1989) . Mutations R1451C (R2C), R1454C (R3C), and R1457C (R4C) were made using Acknowledgments the pSELECT system with the following mutagenic oligonucleotides:
R2C, 5Ј-CCGCGCCAGGCAGATCACACGGA-3Ј; We thank Drs. Michael O'Leary and Carol Deutsch for helpful discus-R3C, 5Ј-GACACGCCCAATGCACGCCAGGCGGAT-3Ј; sions and comments on the manuscript, Dr. Fred Sigworth for in-R4C, 5Ј-CCGCAGGACACACCCAATCCGCG-3Ј.
sightful discussions, and Aaron Benson and Vincent Santarelli for These mutations were verified by dideoxynucleotide sequencing technical assistance with mutagenesis and tissue culture. Supbefore assembling full-length mutant hSkM1 constructs in the mamported by National Institutes of Health grants AR41691 (R. H.) and malian expression vector pRc/CMV. Mutant R1448C (R1C) was con-NS32387 (A. L. G.). A. L. G. is a Lucille P. Markey Scholar. structed as previously described (Chahine et al., 1994b) .
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Armstrong, C.M. (1992) . Voltage-dependent ion channels and their Standard whole-cell recording methods were used as previously gating. Physiol. Rev. 72 (Suppl.), S5-S13. described (Yang and Horn, 1995) . Supercharging reduced the exAuld, V.J., Goldin, A.L., Krafte, D.S., Catterall, W.A., Lester, H.A., pected charging time constant for the cells to <4.0 s. Series resisDavidson, N., and Dunn, R.J. (1990) . A neutral amino acid change in tance errors were <3 mV. Data were filtered at 5 kHz and acquired segment IIS4 dramatically alters the gating properties of the voltageusing pCLAMP (Axon Instruments, Burlingame, CA). Patch elecdependent sodium channel. Proc. Natl. Acad. Sci. USA 87, 323-327. trodes contained 105 mM CsF, 35 mM NaCl, 10 mM EGTA, 10 mM Catterall, W.A. (1986) . Molecular properties of voltage-sensitive soCs-HEPES (pH 7.4). The bath contained 150 mM NaCl, 2 mM KCl, dium channels. Annu. Rev. Biochem. 55, 953-985. 1.5 mM CaCl 2 , 1 mM MgCl 2 , and 10 mM Na-HEPES (pH 7.4). Corrections were made for liquid junction potentials. All experiments were Chahine, M., Bennett, P.B., George, A.L., Jr., and Horn, R. (1994a) . performed at 18ЊC.
Functional expression and properties of the human skeletal muscle Whole-cell data were analyzed and displayed by a combination sodium channel. Pflü gers. Arch. 427, 136-142. of pCLAMP programs, ORIGIN (MicroCal, Northampton, MA), and Chahine, M., George, A.L., Jr., Zhou, M., Ji, S., Sun, W., Barchi, R.L., our own FORTRAN programs. Data from at least 3 cells for each and Horn, R. (1994b). Sodium channel mutations in paramyotonia measurement are presented as mean Ϯ SEM. Steady-state inactivacongenita uncouple inactivation from activation. Neuron 12, 281-tion was measured by reduction in peak current at Ϫ20 mV preceded 294. by a 500 ms conditioning pulse. To obtain the statistics in Table 1 , Chahine, M., Chen, L.-Q., Fotouhi, N., Walsky, R., Fry, D., Santarelli, which are parameters for a Boltzmann function, we fit data from V., Horn, R., and Kallen, R.G. (1995) . Characterizing the -conotoxin individual cells; the statistics presented are mean Ϯ SEM for these binding site on voltage-sensitive sodium channels with toxin analogs best-fit parameters. and channel mutations. Recept. Channels, 3, 161-174. MTSET and MTSES were generous gifts from Rolf Joho and Arthur Durell, S.R., and Guy, H.R. (1992) . Atomic scale structure and funcKarlin. The cationic MTSET covalently attaches ethyl-trimethylamtional models of voltage-gated potassium channels. Biophys. J. 62, monium to the reduced cysteine sulfhydryl via a disulfide bond, and 238-247. the anionic MTSES attaches ethyl-sulfonate. Aqueous stocks of Fleig, A., Fitch, J.M., Goldin, A.L., Rayner, M.D., Starkus, J.G., and these reagents were kept at 4ЊC and diluted in the bath solution Ruben, P.C. (1994) . Point mutations in IIS4 alter activation and inactiimmediately before use. The reagent solutions were loaded into a vation of rat brain IIA Na channels in Xenopus oocyte macropatches. large-bore sigmacoted (Sigma, St. Louis, MO) macropipette, the Pflü gers Arch. 427, 406-413. opening of which was placed in apposition to the cell voltage clamped by a patch pipette. The macropipette diameter was 1-10ϫ
French, R.J., Prusak-Sochaczewski, E., Zamponi, G.W., Becker, S., that of the cell ‫51ف(‬ m), and the opening was <50 m from the Shavantha Kularatna, A., and Horn, R. (1996) . Electrostatic interaccell. The cells were usually maintained at a holding potential (V hold) tions between a pore-blocking peptide and the voltage sensor of a of Ϫ140 mV and stimulated every 20 s by a 20 ms test pulse to Ϫ20 sodium channel-a novel approach to channel geometry. Neuron, in press. mV, to measure inactivation kinetics. Effects of these reagents were
